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Abstract:  We demonstrate a new high efficiency architecture for cascaded 
Raman fiber lasers based on a single pass cascaded amplifier configuration. 
Conversion is seeded at all intermediate Stokes wavelengths using a multi-
wavelength seed source. A lower power Raman laser based on the 
conventional cascaded Raman resonator architecture provides a convenient 
seed source providing all the necessary wavelengths simultaneously. In this 
work we demonstrate a 1480nm laser pumped by an 1117nm Yb-doped 
fiber laser with maximum output power of 204W and conversion efficiency 
of 65% (quantum-limited efficiency is ~75%). We believe both the output 
power and conversion efficiency (relative to quantum-limited efficiency) are 
the highest reported for cascaded Raman fiber lasers.   
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1. Introduction  
Cascaded Raman fiber lasers provide a convenient way to obtain high powers at wavelengths 
which may not be accessible through rare-earth doped fiber lasers [1-7].  The principle is to 
wavelength convert the output of a rare-earth doped fiber laser to the required output 
wavelength using a series of Raman Stokes shifts. Conventionally, wavelength conversion 
over two or more Stokes shifts is performed through the use of a cascaded Raman resonator 
(as shown schematically in Fig. 1(a)). It is comprised of nested cavities at each of the 
intermediate wavelengths made with fiber Bragg gratings (referred to as the Raman input and 
output grating sets) and a low effective area (high nonlinearity) fiber (Raman fiber). Each 
intermediate wavelength in the resonator is chosen to be close to the peak of the Raman gain 
of the wavelength preceding it. A low reflectivity output coupler terminates the wavelength 
conversion. At the output most of the light is at the desired final wavelength with small 
fractions at the intermediate wavelengths.    
 
Fig. 1 (a) Schematic of a cascaded Raman laser, RIG – Raman input grating set, ROG – Raman 
output grating set, (b) Components of a cascaded Raman resonator converting 1117nm input to 
1480nm output, HR – High reflectivity grating (> 99%), OC – output coupler, low reflectivity 
(< 10%) grating 
 Figure 1(b) shows an implementation of the cascaded Raman resonator performing five 
Stokes shifts from 1117nm to 1480nm. High power sources at 1.5 micron provide 
significantly higher eye safety than at the Yb wavelength region which is attractive for a 
variety of high power applications like material processing. Another interesting application 
for high power 1.5micron Raman lasers utilizes their ability to emit at the in-band absorption 
region of Erbium doped media.  They can provide convenient high brightness and low 
quantum defect pump sources for Erbium-doped fiber amplifiers resulting in high efficiency 
performance and low thermal load. Shorter amplifier lengths made possible with high 
brightness pumping results in reduced non-linearity in the amplifiers, compared to cladding 
pumping with multi-mode 9xx diode lasers. This is particularly attractive for pulsed or single 
frequency amplifiers. This method has been used to pump large-mode area (LMA) Er-doped 
fiber amplifiers [8], higher-order mode (HOM), Er-doped fiber amplifiers [9] and 
conventional Er fibers at high powers [10]. Due to high transparency of the earth’s 
atmosphere at 1550nm, such sources are attractive for free space applications like LIDAR and 
directed energy. 
Power scaling and enhancement of efficiency of Raman lasers has been a subject of 
current interest. The wavelength conversion efficiency in cascaded Raman lasers has been 
quite low compared to the quantum limited efficiency [1-7]. For example, in the case of 
1117nm to 1480nm, the conversion efficiency has been < 48% while the quantum limited 
conversion efficiency is 75% [1]. This number dropped further to < 40% in early 
demonstrations for power scaling for a Raman laser with 40W at 1480nm [11], due to 
unwanted scattering of the 1480nm light to the next Stokes wavelength at 1590nm. This 
resulted in the use of short and suboptimal lengths of Raman fiber reducing the efficiency. 
This issue was overcome in [12] by the use of filter fibers [13-15] with enhanced losses at 
longer wavelengths which suppress further scattering of the output light. Fig. 2 shows the 
transmission function of such a filter fiber with a cut-off close to 1500nm for use in a 1480nm 
laser. This fiber was based on a W-shaped index profile which can create enhanced tunneling 
loss out of the fiber core for wavelengths longer than the cut-off wavelength [12]. More than 
80W in [12] and 100W in [16] was demonstrated incorporating the filter fiber with conversion 
efficiency from 1117 nm to 1480 nm of ~48%.  
 
Fig. 2 Transmission function of the filter fiber used in the 1480 nm laser. 
 
Here we propose a new architecture which achieves a significant enhancement in 
conversion efficiency compared to the previous architecture. For the case of 1117nm to 
1480nm, we achieve a 65% conversion efficiency (for a quantum limited value of 75%) which 
significantly improves upon the 48% previously achieved for the same wavelengths. We 
demonstrate this new architecture through a 1480nm Raman laser which has a maximum 
output power of 204W. We believe both the output power and conversion efficiency (relative 
to quantum-limited efficiency) are the highest reported for cascaded Raman fiber lasers. The 
net optical to optical efficiency from 975nm pump diodes to 1480nm taking into account the 
efficiency of the Yb-doped fiber laser is ~43%. 
The primary competing technologies for high power 1.5 micron fiber lasers pumped at 
975nm (where mature, high power diode technology is available) are cladding pumped ErYb 
codoped fibers [17] and cladding pumped Er fibers [18]. Apart from parasitic lasing issues 
and beam quality problems, the efficiencies achieved at comparable power levels were 
significantly smaller than demonstrated here. Furthermore, the output power in our system 
was limited by total pump power and significant power scaling (limited only by thermal 
considerations and laser damage threshold) is possible. From the results demonstrated here we 
believe this is a very efficient and scalable approach to high power fiber lasers in the 
1.5micron wavelength region. 
 
2. Architecture  
The primary sources responsible for the reduced efficiency in conventional cascaded Raman 
lasers can be identified as-  
1. Transmission loss in the Raman input grating set and output grating set [19] 
2. Two intra-cavity splices between low effective area (possibly dissimilar) fibers 
constituting the grating sets and the Raman gain fiber. 
3. Linear loss in the Raman fiber. 
4. Enhanced backward and forward light at the intermediate Stokes wavelengths due to 
their bandwidth being higher than the grating bandwidths [20-22]. 
5. Splice loss between the Yb-doped fiber laser output and the low effective area 
Raman fiber. 
 
A number of loss components are associated with the cascaded Raman resonator assembly. 
Here we intend to eliminate the cascaded Raman resonator and use a single pass cascaded 
amplifier scheme. At higher powers this is expected to work very well as long as it is seeded 
at all the intermediate Stokes wavelengths with sufficient power.  Physically, the seed powers 
at all the intermediate wavelengths are essential since they reduce the gain requirement, 
provide wavelength selectivity and preferential forward Raman scattering. The idea of using a 
pump separated by more than one Stokes shift from the signal with the wavelength conversion 
mediated by intermediate wavelengths has been used previously used in optical 
communications for distributed Raman amplifiers [23-24].  
Two key ingredients are necessary to make the single pass cascaded amplifier 
feasible. Firstly, a simple multi-wavelength source which can simultaneously provide 
sufficient powers at all the intermediate wavelengths. A lower power conventional cascaded 
Raman laser lends itself ideally for this purpose. Light present at the output at all the 
intermediate Stokes wavelengths provides sufficient seed power at the exact required 
wavelengths. Secondly, scattering of the output wavelength to the next Stokes order can be 
further enhanced in a single pass configuration. The use of Raman filter fiber eliminates this 
problem and provides an ideal technique to terminate the cascade of wavelength conversion.   
Fig. 3(a) shows the experimental setup based on the new architecture. A high power Yb-
doped fiber laser is combined with a lower power Raman seed laser. In our system, the Yb-
doped fiber laser is emitting at 1117nm and the power is combined using an 1117/1480nm 
fused fiber WDM. This is then sent through ~50m of Raman filter fiber with an effective area 
of ~15
2m   and cut-off at 1500nm as shown in fig 2. The length of the Raman filter fiber 
was optimized experimentally and the obtained value was verified through numerical 
simulations. The high power Yb-doped fiber laser is based on a MOPA architecture with 
standard Yb125 fiber from OFS [25] and pumped with 18, nominally 25W, 975nm diodes. 
The laser can provide a maximum of 295W @ 1117nm limited by pump power. The 
conversion efficiency from 975nm to 1117nm is ~66%.  Considering that slope efficiencies of 
80% [26] have been reported, there is significant room for improvement in our overall system 
efficiency. The low power cascaded Raman laser has a nominal output power of 10W @ 
1480nm and a total output power (including power at all the intermediate Stokes orders) of 
12W. Fig. 3(b) shows the spectrum measured at the output with only the seed laser turned on. 
All the intermediate Stokes wavelengths necessary to mediate the cascaded conversion are 
seen.  
 
 
Fig. 3 (a) Schematic of the new cascaded Raman laser, RIG, ROG – Raman input and output 
grating sets (b) Spectrum measured at the output with only the seed source turned on 
 
 
3. Experimental results 
 
Fig. 4 Plot of total output power and components at each Stokes wavelength as a function of 
input power at 1117nm 
 
Figure 4 shows the total output power and components at each Stokes wavelength measured 
as a function of input power at 1117nm to the cascaded amplifier. Interpolation has been used 
between the measured data points to better represent the evolution of powers. We clearly 
observe a progressive growth and decay of all the intermediate Stokes components with 
increasing power. A rapid growth of the final output wavelength is seen beyond a power 
threshold. The filter fiber ensures there is no further conversion of the output wavelength. At 
maximum power, we see a high degree of wavelength conversion with most of the output 
power being in the final, 1480nm component. The initial offset of the 1480nm component 
(and the total power) is due to the seed source. We also observe interesting behavior with the 
penultimate Stokes component (1390nm) which is unlike the previous ones. The presence of 
significant power already at the output wavelength (1480nm) manifests as additional loss 
through Stimulated Raman scattering for the 1390nm component. This creates a more 
complicated growth and decay condition. This behavior can become the limiting factor on 
power of the seed source. If the 1480nm component is too powerful, it can prematurely 
deplete the 1390nm component suppressing the power transfer from 1310nm. This can result 
in incomplete wavelength conversion and reduced efficiency. These aspects will be explored 
in more detail in future work.  
 
Fig. 5 (a) Plot of total output power and output power at 1480 nm as a function of input power 
at 1117 nm, (b) Spectrum of the output in linear and log scale (inset) at maximum power 
 
Figure 5(a) shows the total output power and the 1480 nm component as a function of 
input power at 1117 nm (data points represented by circles and triangles are measurements). 
We have a purely single-moded output power of ~204 W at 1480 nm for a total input power of 
~315 W (including the Yb fiber laser used in the seed source) with a total conversion 
efficiency of ~65% (1117nm to 1480nm). This is a significant enhancement in efficiency 
compared to previous work of ~48% [12, 16] being much closer to the quantum limited 
conversion efficiency of 75%. Taking into account the conversion efficiency of the Yb-doped 
fiber laser, we have an optical to optical conversion efficiency from 975 nm pump to 1480 nm 
signal of ~43%. This can be further increased by improving the Yb laser efficiency.  Fig. 5(b) 
shows the measured output spectrum at full power (log scale in the inset). More than 95% of 
the power is in the 1480 nm band indicating the high level of wavelength conversion. No light 
is seen at the next Stokes order of 1590nm indicating the excellent suppression achieved by 
the Raman filter fiber.  
 
 Fig. 6 (a) Comparison of output power at 1480nm as a function of input power at 1117nm 
between the new and conventional architectures with the quantum limited conversion. (b) 
Comparison of conversion efficiencies 
 
To illustrate the enhancement in efficiency compared to the conventional architecture, we 
compare the results obtained with the current scheme to our previous results in [16] where 
104W at 1480nm was obtained. To obtain optimal efficiencies at lower maximum input 
powers, the length was the Raman filter fiber was adjusted to ~65m. The power from the seed 
source in this experiment is ~3W at 1480nm and 4W in total. Fig 6(a) compares the output 
power at 1480nm for the two architectures together with the quantum-limited efficiency. At 
lower powers, power from the new scheme is low since the cascade is not driven all the way 
to 1480nm. However, once the threshold is reached, the power rapidly grows and at full 
power is significantly higher than that from the conventional cascaded Raman laser. At the 
maximum power point for the conventional Raman laser, the new scheme provides 40% more 
power. Fig. 6(b) shows the corresponding conversion efficiencies. At low power, the current 
scheme’s output is dominated by the seed source and has the corresponding ~48% conversion 
efficiency. With increasing powers, but prior to threshold, this efficiency drops, but quickly 
recovers beyond that and achieves a maximum of ~65%. It is necessary to point out here that 
the efficiency of conventional cascaded Raman laser is power dependent as well (the optimal 
length of Raman fiber in the resonator needs to be modified) and the results plotted above 
from [16] achieve close to maximum efficiency at the highest power levels. 
Simulation studies to understand the optimal operating conditions for the new 
architecture as a function of input power, seed power, amplifier length etc are in progress.  It 
is interesting however to point out that the difference in efficiency in the current scheme from 
the quantum limited efficiency can be mostly accounted for. The primary sources are  splice 
loss between the output of the Yb-fiber to the much smaller Raman filter fiber (~5%) and 
residual power at all the intermediate Stokes wavelengths (~5%). This indicates that by 
reducing the splice loss through further optimization or novel splicing methods and better 
wavelength conversion through engineering the power and spectrum of the seed source, we 
should be able to further enhance the conversion efficiency. 
 Fig. 7 A lower power demonstration – (a) Output power and 1480 nm component for a 75W 
Raman laser as a function of input power at 1117nm (b) Spectrum obtained at full power in 
linear and log scale. 
 
To operate the new architecture at lower powers, a longer length of Raman filter fiber is 
necessary. However, the losses in these fibers are low (< 1dB/km) and the efficiency 
reduction by going to longer fibers is quite small. To demonstrate this, Fig. 7(a) shows the 
total output power and the 1480nm component of a system which provides ~75W at 1480nm 
for an input signal of 116W. In this experiment, the input source is a single stage Yb-doped 
fiber laser with a conversion efficiency of ~72%. The seed source used has an output power of 
3W at 1480nm and 4W in total. The Raman filter fiber length has been increased to 150m (3 
times that of the 200W result). Conversion efficiency from 1117nm to 1480nm in this case is 
slightly lower at 62%, due to increased linear loss in the Raman fiber, but still significantly 
higher than that of the conventional architecture. Fig. 7(b) shows the spectrum at full power in 
linear and log scale indicating a high level of wavelength conversion. The optical to optical 
efficiency from 975nm to 1480nm in this experiment is higher at ~45%. The comparative 
increase in total efficiency from the previous results in this paper is due to enhanced 
efficiency of the Yb oscillator. Comparing this work to the result in [12] where 81W at 
1480nm was obtained, the net conversion efficiency has been enhanced from 32% to 45% at 
similar power levels. 
 
4. Summary 
 
In summary, we have demonstrated a new architecture for cascaded Raman lasers which 
achieves a significant enhancement in conversion efficiency compared to previous schemes. 
The architecture is based on a single pass cascaded Raman amplifier approach mediated at all 
intermediate Stokes wavelengths with a multi-wavelength seed source. A low power 
conventional cascaded Raman laser provides us with a convenient seed. In this work we 
demonstrated a 1480nm Raman laser pumped by an 1117nm Yb-doped fiber laser with output 
power of 204W. The output power achieved was only limited by available input power and 
the architecture has significant scaling potential. The conversion efficiencies were 65% from 
1117 to 1480nm (for a quantum limited value of 75%) and 43% optical to optical from 975nm 
pump to 1480nm. We believe both the output power and conversion efficiency (relative to 
quantum limited efficiency) are the highest reported for cascaded Raman lasers. To 
demonstrate enhancement in efficiency at lower operating powers, we also demonstrated a 
75W, 1480nm Raman laser. Future work will involve further power scaling efforts and 
simulation studies to better understand the relations between various system parameters and to 
obtain the optimal operating conditions.  Obtaining pulsed Raman lasers through the use of 
pulsed input fiber lasers together with CW or pulsed seed lasers is also an attractive approach 
to follow. 
Specifically for high power 1.5micron fiber lasers, the optical to optical efficiency from 
multi-mode 975nm pumps to 1480 nm laser demonstrated here (43%) is significantly higher 
than competing technologies at similar power levels based on cladding pumped Er and ErYb 
co-doped fibers. In this comparison, we do have to account for the difference in quantum 
defect between 975nm to 1480nm (this work) or to 1550nm (Er, ErYb). However this 
difference is quite small (~3%) and not significant compared to efficiency enhancements 
demonstrated here. We believe this is the most efficient and scalable approach to high power 
fiber lasers in the 1.5micron wavelength region. Another advantage specific to Raman lasers 
is their ability to act as high power, high brightness pump sources for pumping Er-doped 
media (like core-pumping large mode area Er-doped fiber amplifiers). This is an attractive 
option to reduce nonlinearity in high peak power pulsed amplifiers and single frequency 
amplifiers. 
 
